ABSTRACT: An efficient synthetic pathway for the synthesis of biscalix[4]arenes 5−10 using 1,3-dipolar cycloaddition reactions is reported. Biscalix[4]arene 10 is capable of forming a complex with methyl viologen because of favorable cation−π interactions and a proper cavity size to accommodate the guest. Moreover, biscalix[4]arenes 8a and 8b were found to be atropisomers at room temperature. These two conformers were unable to exchange at room temperature because of the restricted rotation of the C 9 −C 11 or C 10 −C 12 bonds of the β-amino-α,β-unsaturated ketones of anthracene.
■ INTRODUCTION

Biscalixarenes
1 have been studied extensively in recent years because the structures usually contain interesting properties including allosteric effect, 2 intramolecular oscillation, 3 and conformational conversion. 4 An internal cavity, formed naturally through the linkage of two calixarenes, can be used as a host not only for metal ions but also for neutral molecules. For example, Gutsche and co-workers reported that 5,5′-biscalix [5] arene can be used to selectively recognize fullerene [70] over fullerene [60] , where the biscalix [5] arene undergoes an anti to syn conformational change upon complexation with a fullerene to maximize the interaction between host and guest. 4a Methyl viologen is one of the most widely used herbicides in the world. It is shown to be toxic to humans and animals and is linked to the development of Parkinson's disease; 5 accordingly, it is highly desirable to have a selective and sensitive method in the fast screening of methyl viologen. Currently, most of the detection of methyl viologen relies on 1 H NMR titration experiments using various macrocycles such as calix [4] arenes, 6 crown ethers, 7 triptycenes, 8 and pillar [5] arenes. 9 There has been very few reports on the fluorescent sensing of methyl viologen. To the best of our knowledge, Wagner and Isaacs were the first to report a fluorescent sensing of methyl viologen using cucurbit [6] uril as the host. 10 The design and synthesis of a highly specific fluorescent sensor for viologen is still demanding, and it would have following benefits: high sensitivity, easy to use, low cost, and low background interference.
We have been using a strategy to construct a variety of functionalized isoxazoline and isoxazole unit(s) onto the calix [4] arene skeletons through double and/or quadruple 1,3-dipolar cycloaddition reactions of alkenes/alkynes with aryl nitrile oxides. 11, 12 In order to further expand the diversity of biscalix[4]arenes, we also explored possible ring-opening reactions of mono-and bis-isoxazole substituted calix[4]-arenes.
12−14 To our delight, Mo(CO) 6 -mediated ring-opening reactions of these isoxazole-substituted calix [4] arenes led to the formation of various enaminone (β-amino-α,β-unsaturated ketone) appended calix [4] arenes efficiently. 14 Using the protocol described above, we report herein the synthesis of biscalix[4]arenes 6−10, which contain an ellipsoidal cavity and/ or an anthryl group as fluorophore. The ring-opening reaction of biscalixarene 7 led to two 9,10-bis-ketoenaminoanthryl biscalix [4] arenes, 8a and 8b, which showed interesting atropisomeric properties. 15 The application of biscalix[4]arene 10 as a fluorescent chemosensor for methyl viologen is also studied.
■ RESULTS AND DISCUSSION
The synthetic pathways for biscalix[4]arenes 5, 7, and 10 are depicted in Scheme 1. Our synthetic strategy for linking two calix [4] arenes started with the double 1,3-dipolar cycloaddition reactions between aryl dinitrile oxides (prepared in situ from 3 and 4) and propargyl ether to yield 5 and 7 in 43% and 62% yield, respectively. In principle, the quadruple cycloaddition reactions, of two bispropargyloxycalix[4]arenes 2 with two anthracene-9,10-bis(carbonitrile oxide) 4, should lead to a doubly bridged biscalix[4]arene 10; however, when 2 (5.5 mM) was refluxed with 4 (5.5 mM) in THF for 24 h, the reaction mixture became very messy and was difficult to be purified by column chromatography. Alternatively, the doubly bridged biscalix[4]arene 10 could be synthesized via a two-step reaction sequence starting from 7. First, the bispropargyl ether substituted biscalix[4]arene 9 was obtained in 86% yield through S N 2 reaction of 7 with 2 equiv of propargyl bromide under basic conditions. Second, a double 1,3-dipolar cycloaddition of the bispropargyl ether substituted biscalix[4]arene 9 with 4 afforded the doubly bridged biscalix[4]arene 10 in 32% yield. 1 H NMR spectrum of the methylene bridge protons and the isoxazole protons of biscalix[4]arene 10 showed only two singlets implying that its structure was highly symmetrical.
The N−O bond cleavage of the isoxazole units of biscalix[4]arenes 5 by Mo(CO) 6 -mediated ring-opening reaction led to the formation of 1,4-bisketoenaminophenyl biscalix[4]arene 6 and recovered calix [4] arene in 32 and 40% yield, respectively. Under similar reaction conditions, the ringopening reaction of 7 gave the 9,10-bisketoenaminoanthyl biscalix[4]arenes 8a and 8b, as a mixture of atropisomers, in 67% yield (Scheme 2). 1 H NMR spectra of these compounds showed that the amino protons of the ketoenaminos appeared as two singlets: one around δ10.0−10.2 (due to H-bonding with the carbonyl groups) and the other around δ 5.6−5.8 ppm. The structures of all products (5−10) were fully characterized by spectral data including 1 H and 13 C NMR (Figures S12−S27, Supporting Information), mass, and high resolution mass spectrometry (Experimental Section). Furthermore, the structure of biscalix[4]arene 10 was confirmed by a singlecrystal X-ray crystallography analysis (Figure 1 ). The X-ray crystal structure of 10 clearly shows that it contains a rectangular cone cavity. This biscalix [4] arene is a nanometersized macrocycle (3.0 nm long) with two parallel anthracene moieties, and the distance between the two anthracene planes is 4.0 Å. The two anthracenes are not in juxtaposition; they are slightly staggered. The cavity of 10 is constructed by the walls of two parallel anthracene moieties and two tail-to-tail calix [4] arenes; therefore, it has a potential for π−π interaction and recognition of dications by the two bridged calix [4] arenes. To this end, we envisaged that methyl viologen and its analogues may have the potential to be snugly fit into the rectangular cavity of biscalix[4]arene 10. Unexpectedly, the 1 H NMR spectra of the ring-opened products 8 clearly showed two sets of signals (Figure 2b ), indicating the existence of two conformational isomers or socalled atropisomers. 15 In contrast, the ring-opened product 6, from the reaction of 1,4-bisisoxazolylphenyl substituted biscalix[4]arene 5, showed only one set of proton signals (Figures 2a, S1 , and S2, Supporting Information).
To determine whether steric hindrance between the anthryl and the ketoenamino groups or steric bulkiness of the calix [4] arene plays the crucial role in making compounds 8 atropisomers, we synthesized a control compound 12, in which the two calix[4]arenes were replaced by two para-t-butylphenyl ether groups (Scheme 3). The 1 H NMR spectrum of 12 at room temperature gives rise to two well-resolved sets of signals ( Figure S26 , Supporting Information). The results imply that adding a bulky substituent or not at a remote position from the 9,10-bisketoenamino substituted anthracene did not affect its atropisomeric properties. There is no need to replace t-butyloxy group with a bulkier substituent, such as calix [4] arene, to achieve atropisomeric properties in the 9,10-bisketoenamino substituted anthracene. Note that no atropisomeric properties were found for the phenyl bridged 1,4-biscalix[4]arene 6 ( Figure 2a) ; thus, the hindered rotation in the 9,10-bisketoenamino substituted anthracene of 8 or 12 plays a key role in forming atropisomers. 1 H NMR spectra of the two biscalixarenes 8a and 8b show that some of their signals are separated and allowed for area integrations. At room temperature (298 K), the ring-opened products 8a and 8b exist as a mixture of conformers with a ratio of 46:54 in CDCl 3 (Figures S2 and S3, Supporting Information) . However, the assignment of the cis-or transatropisomers cannot be unambiguously determined yet. We tried to separate the atropisomers 8a and 8b by HPLC using various columns; 16 however, it was unsuccessful. Variabletemperature NMR studies at temperatures as high as 393 K (sample started to decompose) showed that the two sets of proton signals of 8a and 8b did not have any symptoms of merging (Figures S4 and S5, Supporting Information) , implying a very high energy barrier for the rotations of C 9 −C 11 and C 10 − C 12 bonds.
15e,f The energy barriers for the restricted rotation in . On the other hand, the simplicity of the NMR spectra of 7 even at −50°C (Figures S6, Supporting Information) implies that rapid rotation occurs at this temperature and that there is a very low energy barrier of the rotations of C 9 −C 11 and C 10 −C 12 in 7. The rotational energy barrier of the bis-isoxazole substituted anthracene 7 is estimated to be smaller than 10 kcal mol Since biscalix[4]arene 10 contains anthracenes as fluorophores, we then used it in fast screening on a series of aromatic guests, alkyldiamines, and methyl viologen (G1−G13, Chart 1) using fluorescence spectroscopy. The binding properties of 10 in cosolvent MeOH/CHCl 3 (v/v, 1:2) were assessed by adding 200 equiv of various guests, and their relative fluorescence intensity changes are shown in Figure 4 . There was basically no (or very small) change in the fluorescence spectra of biscalix[4]arene 10 when it was mixed with excess aromatic guests (G1−G5) and alkyldiamines (G7−G13). To our delight, only methyl viologen (G6) caused a significant quenching on the fluorescence of biscalix[4]arene 10 ( Figures  4 and 5) . The fluorescence quantum yield of 10 was determined to be 0.80 ± 0.02 using 9,10-diphenylanthracene 1 H NMR spectra of the ring-opened products (a) 6 and (b) 8, where * denotes signals from the residual of chloroform-d. In spectrum (b) , the signals labeled with a prime come from atropisomers.
Scheme 3. Synthesis of Atropisomers 12a and 12b
The Journal of Organic Chemistry 19 Upon titration with G6, the fluorescence intensity of 10 gradually decreased, which gave a fluorescence quantum yield of 0.57 ± 0.01 (30% decrease) at 200 equiv of G6. The association constant of complex 10·G6 was determined to be 137.4 ± 7. . The proton signals of the anthracene of the host 10 were slightly upfield shifted by the addition of G6, which is consistent with the inclusion of G6 in the cavity of 10. Moreover, we also found that the proton signals of G6 were broadened and high field shifted in the presence of 10 equiv of 10 ( Figure S8 , Supporting Information). Diffusion-ordered NMR spectroscopy (DOSY) has been particularly useful in the characterization of complex host−guest systems in solution. 21 Thus, 2D DOSY experiments were used to investigate the complex between biscalixarene 10 and G6. When a 1:1 mixture of 10 and G6 was measured in CD 3 OD/CDCl 3 (v/v, 1/2) at 295 K, the diffusion coefficients for host 10 and guest G6 were determined to be 3. H NMR titration spectra of control compound 11 with G6 showed no change even with 10 equiv of G6 ( Figure S11 , Supporting Information). On the basis of these observations, we conclude that not only the cation−π interaction but also a proper cavity size must have played important roles in the binding of methyl viologen (G6) by biscalix[4]arene 10.
Finally, an optimized geometry of 10 with G6 was calculated by the molecular modeling DMol 3 and simulated in CHCl 3 environment (Figure 6 and Tables S4−S5, Supporting Information).
22,23 The DMol 3 method from Material Studio 5.0 is developed by Accelrys Inc., in which the wave functions are expanded in terms of an accurate numerical basis set. We used a double-numeric quality basis set with polarization functions (DNP). The size of the DNP basis set is comparable to Gaussian 6-31G**, but DNP is more accurate than a Gaussian basis set of the same size. 23 The tolerances of the energy, gradient, and displacement convergences were 2 × 10 ), it has the advantages of fast and easy screening by fluorescence spectroscopy. From a comparison of the results with two other control compounds (7 and 11), we believe that the cation−π interaction as well as a proper cavity size play key roles in the complexation of biscalix[4]arene 10 with G6. Moreover, 2D DOSY experiments provided strong evidence to support the complex formation between 10 and G6.
We also found that not only 9,10-bisketoenaminoanthryl biscalix [4] arenes (8a and 8b) but also 9,10-bisketoenaminoanthryl bis-t-butyl-phenol ethers (12a and 12b) are atropisomers, where hindered rotation between the ketoenamino group and the nearby C−H hydrogens of the anthracene were the key features. The estimated energy barriers for the restricted rotation of in the 9,10-bisketoenaminoanthryl derivatives 8a,b are >23 kcal mol −1 from VT NMR. In sharp contrast, the isoxazole substituted 9,10-bisisoxazolylanthryl biscalix[4]arene 7 has a much lower energy barrier on the rotation of C 9 −C 11 ; therefore, even at temperatures as low as −50°C, it did not show any symptom of proton NMR signal splitting between its atropisomers.
■ EXPERIMENTAL SECTION
General Methods. 1 H NMR spectra were measured with either a 300 or 500 MHz spectrometer. Natural abundance 13 C NMR spectra were measured using pulse Fourier transform techniques, with a 300 or 500 MHz NMR spectrometer operating at 75.4 and 125.7 MHz, respectively. Mass spectra were recorded in the FAB mode with mnitrobenzyl alcohol (NBA) as the matrix. UV−vis and fluorescence spectra were measured with spectrometer and spectrofluorimeter using HPLC-grade solvents.
1,4-Bis-isoxazolyl-phenylmethyl Linked Biscalix[4]arene, 5. Triethylamine (0.35 mmol) in ethanol (1.9 mL) was slowly added to a well-stirred solution of 1 (0.40 g, 0.69 mmol) and hydroximoyl chloride 3 (0.07 g, 0.31 mmol) in ethanol (30 mL). The reaction mixture was stirred at reflux for 24 h under N 2 (g). After evaporation of the solvent, the mixture was washed with water and extracted with dichloromethane. The organic phase was dried over MgSO 4 , and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography using ethyl acetate/n-hexane as eluent to give 0.20 g (42.7%) of 5 as a yellow solid: mp 178−180°C; 6 (0.02 g, 0.08 mmol), and H 2 O (0.2 mL) in CH 3 CN (10 mL) was stirred and heated at reflux for 5 h. The solvent was removed under a vacuum, and the residue was dissolved in 10 mL of dichloromethane. Then, to the solution was added 10 mL of NH 4 OH (aq) to remove remaining molybdenum salts. After stirring for 1 h, the organic layer was washed with water and 1 M EDTA (aq). The organic phase was dried over MgSO 4 , and the solvent was removed under reduced pressure. The residue was purified by neutral silica gel column chromatography with ethyl acetate/n-hexane (v/v, 1:5) as eluent to give 0.016 g (31.9%) of yellow solid 6 with para-tert-butyl calix 25 mmol), and 3 drops H 2 O in THF/CH 3 CN (1 mL/10 mL) was stirred and heated at reflux for 5 h. The solvent was removed under a vacuum, and the residue was dissolved in 10 mL of dichloromethane. Then, to the solution was added 10 mL of NH 4 OH (aq) to remove remaining molybdenum salts. After stirring for 1 h, the organic layer was washed with water and 1 M EDTA (aq). The organic phase was dried over MgSO 4 , and the solvent was removed under reduced pressure. The residue was purified by neutral silica gel column chromatography with ethyl acetate/n-hexane (v/v, 1/5) as eluent to give 0.07 g (66.7%) of yellow solid 8a and 8b (atropisomers): mp 218−220°C; R f = 0.43 (ethyl acetate/n-hexane (v/v, 1:3) ); 1 H NMR (300 MHz, CDCl 3 ) atropisomers 25°C, area ratio = 46:54, δ H 10.20 (bs, 1H), 10.14 (bs, 1H), 9.96 (s, 2H), 9.87 (s, 2H), 9.39 (s, 4H), 8.28−8.27 (m, 4H), 7.61−7.59 (m, 4H), 7.08−6.90 (m, 16H), 5.76 (bs, 1H), 5.68 (s, 1H), 5.51 (s, 2H), 4.94 (s, 2H), 4.90 (s, 2H), 4.60−4.44 (m, 4H), 3.99− 3.91 (m, 4H), 3.42−3.21(m, 8H) Bispropargyl Ether Substituted 9,10-Bis-isoxazolylanthrylmethyl Linked Biscalix[4]arene, 9. A mixture of 7 (0.11 g, 0.07 mmol), sodium methoxide (0.01 g, 0.18 mmol), and propargyl bromide (0.04 mL, 0.34 mmol) in CHCl 3 /CH 3 CN (3 mL/30 mL) was stirred and heated at reflux for 24 h. The solvent was removed under a vacuum, and the residue was purified by silica gel column chromatography with ethyl acetate/n-hexane as eluent to give 0.10 g (85.8%) of 9: mp 239−241°C; R f = 0.18 (ethyl acetate/n-hexane = 1:5); 3,3′-Anthracene-9,10-diylbis{5-[4-tert-butylphenoxy)-methyl]isoxazole}, 11. A mixture of 1-tert-butyl-4-(prop-2-ynyloxy)-benzene (0.20 g, 1.07 mmol) and 4 (0.12 g, 0.48 mmol) in THF (25 mL) was stirred and heated at reflux for 24 h under a N 2 system. The solvent was removed under a vacuum, and the residue was purified by silica gel column chromatography with ethyl acetate/n-hexane as eluent to give 0.16 g (52.1%) of 11 as a yellow solid: mp 231−233°C; R f = 0.45 (ethyl acetate/n-hexane (v/v, 1:4) (3Z,3′Z)-4,4′-Anthracene-9,10-diylbis[4-amino-1-(4-tertbutylphenoxy)but-3-en-2-one], 12a−b. A mixture of 11 (0.07 g, 0.11 mmol), Mo(CO) 6 (0.07 g, 0.25 mmol) and H 2 O (0.2 mL) in THF/CH 3 CN (1 mL/10 mL) was stirred and heated at reflux for 24 h. The solvent was removed under a vacuum, and the residue was dissolved in 10 mL of dichloromethane. Then, to the solution was added 10 mL of NH 4 OH (aq) to remove remaining molybdenum salts. After stirring for 1 h, the organic layer was washed with water and 1 M EDTA (aq). The organic phase was dried over MgSO 4 , and the solvent was removed under reduced pressure. The residue was purified by neutral silica gel column chromatography with ethyl acetate/nhexane (1/5) as eluent to give trace amount of yellow solid 12 (atropisomers): mp > 180°C (decomposed); R f = 0.20 (ethyl acetate/ n-hexane (v/v, 1:3)); Crystallographic data for compound 10 (CIF), data calculated by molecular modeling using DMol 3 for the optimized geometry of complex 10·G6, 1 H and 13 C NMR spectra for all products 5−12, and spectroscopic data. This material is available free of charge via the Internet at http://pubs.acs.org.
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